for the CAFE and ASCOT Investigators Background-Statins reduce the risk of cardiovascular events in people with hypertension. This benefit could arise from a beneficial effect of statins on central aortic pressures and hemodynamics. The Conduit Artery Function Evaluation-Lipid-Lowering Arm (CAFE-LLA) study, an Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) substudy, investigated this hypothesis in a prospective placebo-controlled study of treated patients with hypertension. Methods and Results-CAFE-LLA recruited 891 patients randomized to atorvastatin 10 mg/d or placebo from 5 centers in the United Kingdom and Ireland. Radial artery applanation tonometry and pulse-wave analysis were used to derive central aortic pressures and hemodynamic indices at repeated visits over 3.5 years of follow-up. Atorvastatin lowered low-density lipoprotein cholesterol by 32.4 mg/dL (95% confidence interval [CI], 28.6 to 36.3) and total cholesterol by 35.1 mg/dL (95% confidence interval, 30.9 to 39.4) relative to placebo. Time-averaged brachial blood pressure was similar in CAFE-LLA patients randomized to atorvastatin or placebo (change in brachial systolic blood pressure, Ϫ0.1 mm Hg [95% CI, Ϫ1.8 to 1.6], Pϭ0.9; change in brachial pulse pressure, Ϫ0.02 mm Hg [95% CI, Ϫ1.6 to 1.6], Pϭ0.9). Atorvastatin did not influence central aortic pressures (change in aortic systolic blood pressure, Ϫ0.5 mm Hg [95% CI, Ϫ2.3 to 1.2], Pϭ0.5; change in aortic pulse pressure, Ϫ0.4 mm Hg [95% CI, Ϫ1.9 to 1.0], Pϭ0.6) and had no influence on augmentation index (change in augmentation index, Ϫ0.4%; 95% CI, Ϫ1.7 to 0.8; Pϭ0.5) or heart rate (change in heart rate, 0.25 bpm; 95% CI, Ϫ1.3 to 1.8; Pϭ0.7) compared with placebo. The effect of statin or placebo therapy was not modified by the blood pressure-lowering treatment strategy in the factorial design. Conclusions-Statin therapy sufficient to significantly reduce cardiovascular events in treated hypertensive patients in ASCOT did not influence central aortic blood pressure or hemodynamics in a large representative cohort of ASCOT patients in CAFE-LLA. (Circulation. 2009;119:53-61.)
ASCOT (ASCOT-LLA) 6 showed that atorvastatin reduced the primary outcome (nonfatal myocardial infarction and fatal coronary heart disease) by 36% compared with placebo. Stroke also was reduced by 27%.
Interest in the mechanisms accounting for the clinical benefits of statins has been considerable, much of it no doubt relating to the impact of cholesterol lowering on atherosclerotic plaque burden and stability. A clear relationship exists between the magnitude of cholesterol lowering in clinical trials and cardiovascular risk reduction. 7 However, there has also been interest in the hypothesis that statins might modulate large-artery function and thereby central aortic pressures via mechanisms dependent on or independent of cholesterol lowering. Such mechanisms have implicated improved endothelial function and/or reduced large-artery stiffness, both of which could influence central aortic pressures and hemodynamics beyond any potential impact on brachial BP. 8 -11 If this were so, the resulting reduction in central aortic pressures might contribute to a reduced risk for cardiovascular events, especially in people with hypertension.
Thus far, the studies cited above that have assessed the impact of statins on large-artery function have mostly been small scale and have not directly reported the effects of statins on central aortic pressures. Moreover, the results of studies of statins on large-artery function have been conflicting, limited in many cases by a lack of statistical power. In addition, analyses of the impact of statins on brachial BP have suggested the possibility of a small beneficial effect of lowering brachial BP, an action attributed to improvements in endothelial function and, by inference, large-artery function. 12 Because statins are so widely used in clinical practice, it was important to clarify their impact on central aortic pressures and hemodynamics, especially in people with treated hypertension. Thus, a prespecified analysis of the CAFE study took advantage of the factorial design of ASCOT to prospectively assess the impact of statin therapy on the relationship between brachial and central aortic pressures and hemodynamics in patients with treated hypertension in a major clinical outcomes trial. 4 We report here the principal results of the CAFE study lipid-lowering arm (CAFE-LLA).
Methods

Study Design
The CAFE-LLA study, a substudy of ASCOT, was designed to assess the impact of lipid-lowering therapy with atorvastatin versus placebo on central aortic pressures and hemodynamics. ASCOT had a 2ϫ2 factorial design comprising a BP-lowering arm that compared 2 different BP-lowering strategies (atenolol with or without bendroflumethiazide-K versus amlodipine with or without perindopril) and a lipid-lowering arm comparing atorvastatin and placebo. 5 Briefly, people were eligible for ASCOT if they were 40 to 79 years of age with either untreated hypertension (systolic BP [SBP] Ն160 mm Hg or diastolic BP [DBP] Ն90 mm Hg) or treated hypertension with a BP Ն140/90 mm Hg and 3 additional cardiovascular risk factors but no prior history of coronary heart disease. The majority (Ͼ80%) were receiving treatment for hypertension immediately before randomization.
Of the 19 257 individuals recruited into ASCOT, 10 305 also were eligible for randomization into the lipid-lowering arm of the study (ie, ASCOT-LLA). 6 To be eligible for ASCOT-LLA, patients had to be untreated with any lipid-lowering medication with a total blood cholesterol concentration of Յ250 mg/dL at randomization. In addition to their randomized BP-lowering medication, the-LLA patients were randomized to receive either atorvastatin (10 mg once daily) or placebo in a prospective double-blind study design. Titration of the statin did not occur and no lipid-lowering goal was set.
CAFE-LLA recruited 891 patients already randomized into ASCOT-LLA from 5 CAFE study centers in the United Kingdom and Ireland (see Figure 1 and Figure I of the online-only Data Supplement). All patients recruited into CAFE-LLA gave their written informed consent. Approval for the study was granted by regional research ethics committees at each ASCOT center and by the UK multicenter ethics committee.
Procedures
Brachial Artery BP Measurement and Radial Artery Pulse-Wave Analysis
In CAFE-LLA, central aortic pressures and hemodynamic parameters were derived from radial artery applanation tonometry and pulse-wave analysis (SphygmoCor, Atcor, Sydney, Australia) performed at the patients' regularly scheduled ASCOT follow-up visits as previously described. 1 Brachial BP was measured according to the ASCOT protocol with a validated device (Omron 705CP, Kyoto, Japan). Immediately after measurement of brachial BP, radial artery waveforms were sampled in the same arm, calibrated to the brachial BP, and transformed into a central aortic waveform using a validated generalized transfer function. Hemodynamic parameters derived from the central waveform are shown in the online-only Data Supplement ( Figure II) . Typical interobserver variability for CAFE tonometry measurements has been published. 1
Timing of Measurements
As in the main CAFE study, 1, 4 central aortic pressure and hemodynamics were not recorded at baseline in CAFE-LLA. The reason is that the design of ASCOT meant that Ͼ80% of patients were being treated for hypertension at the time of randomization and were directly "rolled over" onto their randomized BP-lowering medication at baseline without any washout period; thus, no off-treatment baseline was present. As part of the factorial design, the BP-lowering treatment was then uptitrated over the next 12 months until the BP goal was reached. Thus, by design, we elected to begin measure- ments of central aortic pressures and hemodynamics for CAFE-LLA at a time when the patients' BP-lowering medication had stabilized at goal, thereby avoiding the turbulence of the titration phase; this was Ϸ1 year after randomization. This design suited our purpose of examining our primary hypothesis, which was focused on the differences in central aortic pressures between atorvastatin-and placebo-treated patients at a time when brachial BP levels were similar, thereby removing the confounding of differences in brachial BP during the titration phase of the study. Our prespecified objective was to obtain at least 2 measurements per patient during the subsequent follow-up period.
ASCOT-LLA was terminated earlier than anticipated (after 3.5 years) on the recommendation of the Data Safety Monitoring Board because of clear benefit of atorvastatin therapy versus placebo on the primary end point. 6 An average of 2.0 tonometry measurements per patient had been recorded by the end of CAFE-LLA and did not differ between treatment arms (atorvastatin, 2.0 measurements; placebo, 2.1 measurements). The median follow-up time from initial tonometry measurement to study end was 1.3 years (atorvastatin, 1.3 years; placebo, 1.3 years), and the total period of exposure to study drug was similar for both atorvastatin (1455 patient-years) and placebo (1392 patient-years).
Biochemical Measurements
Fasting and nonfasting blood samples collected at scheduled ASCOT visits were analyzed at a central laboratory for serum lipids and other biochemical and hematologic parameters as previously described. 5
Primary Hypothesis
The primary hypothesis stated that in patients with treated hypertension, we would observe a greater difference between central aortic and brachial BPs (brachial SBP or PP minus central aortic SBP or PP) after treatment with atorvastatin 10 mg/d compared with placebo. Clinical significance was defined as an SBP or PP difference (brachial minus central) of Ն3 mm Hg for either parameter.
Data and Statistical Analyses
Data were collated at the CAFE coordinating center (Leicester, United Kingdom) by researchers blinded to treatment allocation and subsequently merged with ASCOT demographic and follow-up data. The data were analyzed by intention to treat according to treatment allocation.
Sample Size and Statistical Power
Data from the CAFE study 1 indicate that a sample size of Ͻ50 patients per treatment arm would be required to give 90% power to distinguish a difference (PϽ0.05) of at least 3 mm Hg in central SBP or PP relative to brachial pressures in CAFE-LLA (for details, see Table I of the online-only Data Supplement). One hundred patients per treatment arm would be sufficient to distinguish a difference of only 2 mm Hg with 90% power. Thus, with Ͼ400 patients per treatment arm, the CAFE-LLA study was adequately powered to test the primary hypothesis and to eliminate the possibility of a type II error concealing a clinically important effect.
Statistical Analysis
All statistical analyses were performed at A-Plus Science (ASCOT Coordinating Center, Goteborg, Sweden) with SAS version 9.13 (SAS Institute Inc, Cary, NC). Nonpaired Student t tests were used for between-treatment comparisons of continuous variables. Twoway ANOVA was used to evaluate the main effects of treatment with amlodipine/atenolol and atorvastatin/placebo as main effects and peripheral and central pressures and hemodynamics as dependent variables. All significance tests were 2 tailed and conducted at the 5% significance level. Details of the calculation of area under the curve values have previously been published. 1 The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Demographic Parameters
In total, 891 patients with baseline total cholesterol levels Յ250 mg/dL were recruited into CAFE-LLA and assigned to treatment with atorvastatin or placebo. The study profile is shown in Figure 1 . The CAFE-LLA participants were well matched between treatments arms (atorvastatin versus placebo) and were similar to the ASCOT-LLA population ( Table 1 ).
Blood Lipid Concentrations
Six months after randomization to atorvastatin (10 mg once daily), total and low-density lipoprotein (LDL) cholesterol levels were significantly reduced relative to placebo (LDL cholesterol change, 47.1 mg/dL [95% confidence interval {CI}, 43.2 to 51.0]; total cholesterol change, 50.6 mg/dL [95% CI, 46.3 to 54.8]; both PϽ0.0001). Total and LDL cholesterol levels remained significantly reduced throughout the remainder of the follow-up despite a trend toward a reduction in patients receiving placebo ( Figure 2 ). The overall dropout rate for statin use in atorvastatin-treated patients was 10%, whereas the maximum "drop-in" rate for statin use in placebo-treated patients was 13%. Atorvastatin also lowered blood triglyceride levels (triglyceride change, 32.7 mg/dL; 95% CI, 21.8 to 42.7; PϽ0.0001) but had no effect on high-density lipoprotein (HDL) levels relative to placebo (HDL change, Ϫ1.2 mg/dL; 95% CI, Ϫ3.1 to 0.8; Pϭ0.25).
Hemodynamic Measurements: Impact of Statin Therapy on Brachial BP
CAFE-LLA could not directly assess the impact of statins on brachial BP because patients were concurrently receiving BP-lowering therapy as a part of the ASCOT factorial design. Slightly fewer add-on BP-lowering treatments were used in patients randomized to atorvastatin to achieve similar brachial BP levels (mean area under the curve number of BP-lowering drugs: placeboϪatorvastatinϭ0.09; Table II ). This is indirect evidence that atorvastatin may have had a small BP-lowering effect. However, the main focus of CAFE-LLA was whether statins influenced the relationship between brachial and central pressures and hemodynamics.
Primary Outcome: Impact of Statin Therapy on the Relationship Between Brachial and Central Pressures and Hemodynamics
Brachial and central pressures throughout CAFE-LLA are shown in Figure 3 (top). Brachial and central aortic pressures did not differ between patients receiving atorvastatin or placebo at any time point. This is shown clearly in the bottom portion of Figure 3 , which shows that the difference between brachial and central pressures did not differ in patients receiving either atorvastatin or placebo. These data are also summarized as the area under the curve for these parameters in Table 2 . As expected, brachial SBP and PP were higher than derived central pressures, indicating pressure amplification. However, PP amplification was unmodified in patients receiving atorvastatin versus placebo (PP amplification area under the curve change, 0.01; 95% CI, Ϫ0.01 0.03; Pϭ0.3; Table 2 ).
Secondary Outcomes: Central Hemodynamic Parameters
Central SBP and PP represent the summation of outgoing and reflected pressure waves. Table 2 shows that no differences were present in the magnitude of either the outgoing (P1 height) or reflected (augmentation or augmentation index) pressure waves between atorvastatin-and placebo-treated patients. Thus, atorvastatin did not influence the magnitude or composition of central pressure waves in patients recruited into CAFE-LLA.
Impact of Statin Therapy on Arterial Stiffness
The impact of statins on arterial stiffness, determined by measurement of pulse-wave velocity, was not formally as-sessed in CAFE-LLA. Time to the appearance of the reflected wave for the arterial waveform ( Figure II of the online-only Data Supplement) has been shown to be proportional to pulse-wave velocity. Time to the appearance of the reflected wave did not differ between patients treated with atorvastatin or placebo ( Table 2) .
Impact of Statin Therapy on Central Aortic Pressure and Hemodynamics According to BP Treatment Strategy
Examination of the data from CAFE-LLA through the use of ANOVA clearly showed a significant differential impact of BP-lowering treatment (amlodipine-based versus atenololbased treatment) on central aortic pressures and hemodynam- ics despite no difference in brachial BP (Table 3 ). This is consistent with data from our previously published CAFE study. 1 In contrast, no impact of atorvastatin versus placebo on these parameters was found in the lipid-lowering arm of the study. Moreover, the magnitude of the F values for the differential effects of BP-lowering treatments was maintained after adjustment for treatment with either atorvastatin or placebo.
Influence of Statin Add-On Therapy on Placebo-Treated Patients After ASCOT-LLA Closeout
After ASCOT-LLA closeout, patients previously treated with placebo were offered atorvastatin (10 mg once daily). As a consequence of the factorial design, these patients continued follow-up under clinical trial conditions as part of the BP-lowering arm of ASCOT. This provided a second opportunity to evaluate the impact of introducing statin in a stable clinical trial population. We identified 147 patients previously treated with placebo who subsequently received atorvastatin and had no change in their BP-lowering medication after ASCOT-LLA closeout. The mean time between visits was 1.4Ϯ0.8 years. Predictably, total and LDL cholesterol levels were reduced by atorvastatin (total cholesterol change, Ϫ52.2Ϯ25.1 mg/dL, PϽ0.0001; LDL cholesterol change, Ϫ50.6Ϯ23.9 mg/dL, PϽ0.0001). Table 4 shows that despite the addition of statin in patients previously treated with placebo throughout CAFE-LLA, no difference in brachial or central pressures or indices of wave reflection were found during the further follow-up period.
Discussion
The CAFE-LLA study is the first large-scale, placebocontrolled study to prospectively evaluate the impact of statin therapy on the relationship between brachial and central aortic pressures in the context of a major clinical outcomes trial. The primary aim was to test the hypothesis that atorvastatin (10 mg once daily) compared with placebo would have favorable effects on central aortic pressures and hemodynamics and that this might serve as a potential explanation, at least in part, for the beneficial effects of statins in reducing cardiovascular and stroke risk in people with hypertension. Importantly, the results of CAFE-LLA are unequivocal: When atorvastatin is used at a dose sufficient to reduce total cholesterol by a quarter and LDL cholesterol by a third, no impact is seen on central aortic pressures, pulse-wave augmentation, augmentation index, pressure amplification, or any other central hemodynamic parameter. This finding indicates that the clinical outcome benefits of atorvastatin in this group of treated hypertensive patients were not mediated by direct effects on central aortic pressure and hemodynamics. CAFE-LLA was not powered to relate statin-mediated differences in central pressures or hemodynamics to clinical outcomes. Nevertheless, atorvastatin in ASCOT-LLA was associated with substantial reductions in cardiovascular events compared with placebo. 6 The demographics and treatment of patients within CAFE-LLA were similar to those in ASCOT-LLA, suggesting that the hemodynamic data from the CAFE-LLA study are likely to be representative of the ASCOT-LLA population. In this regard, the cardiovascular benefits of atorvastatin in ASCOT-LLA were most likely mediated through the effects of cholesterol-lowering and/or potential pleiotropic effects (eg, effects on oxidized LDL, 1 (-1.8,1.6 ) mmHG, p=0.9
Central SBP Diff Mean (AUC) = -0. 5 (-2.3, 1.2) -0.4 (-1.9, 1.1) thrombosis, or inflammation) rather than hemodynamic effects resulting from changes in relationships between central and brachial pressures. Heretofore, no conclusive data have been found on the effects of statin on central aortic pressures and hemodynamics. We originally hypothesized that elevated plasma cholesterol values might increase central aortic pressures relative to brachial pressures by affecting large-artery function and increasing the stiffness of large conduit arteries. 4 Since CAFE-LLA was designed and initiated, a number of studies examining the relationship between plasma cholesterol and large-artery stiffness have been published. Most of these studies have been small and observational, and the results have been conflicting, reporting reduced, maintained, or increased arterial stiffness associated with elevated plasma cholesterol. For example, the augmentation index and indices of arterial stiffness have been shown to be independent of cholesterol levels in patients with hypertension and/or hypercholesterolemia. 13, 14 Furthermore, cholesterol lowering with statin did not change the augmentation index or central arterial compliance in patients with hypercholesterolemia. 15, 16 In contrast, elevated LDL cholesterol has been associated with increased central PP, augmentation index, and PP amplification in various patient groups. 17, 18 Statin treatment also has been linked to reduced arterial stiffness, assessed as systemic arterial compliance or pulse-wave velocity. 9, 19 Statins also have been shown to improve indices of endothelial function in some animal 20, 21 and human studies 22, 23 but not all. 24, 25 In the largest study of older patients with hypertension (65 to 84 years of age), no relationship was observed between baseline total cholesterol and indices of large-artery function, including pulse-wave analysis and direct measurements of aortic distensibility, in Ͼ800 patients. 13 Of interest, the mean total cholesterol concentrations in that study were similar to that of the CAFE-LLA cohort reported here, and the range of total cholesterol (Ϸ100 to 400 mg/dL) was sufficiently wide to determine a relationship between plasma cholesterol and arterial stiffness if it existed.
However, CAFE-LLA goes further than any previous study and directly examines the impact of therapeutic lowering of cholesterol in a prospective randomized controlled trial and demonstrates no effect of cholesterol lowering on central aortic pressures relative to brachial pressures or any hemodynamic index in the population studied. Moreover, the findings of CAFE-LLA are robust: When atorvastatin is compared with placebo, CAFE-LLA had ample power to detect even small differences in central pressure relative to brachial pressure, excluding the likelihood of a type II statistical error.
We did not measure aortic stiffness directly in the CAFE-LLA study. However, time to arterial wave reflection is regarded by some as a surrogate for pulse-wave velocity, with a shorter time to wave reflection indicating accelerated pulse-wave velocity and stiffer arteries. 26, 27 This interpretation is more robust when no differences are present in heart rate, pressures, or augmentation indices between treatments, as was the case here. No difference was found in time to the appearance of the reflected wave between statin and placebo treatment (Tables 2 and 4) ; thus, it is reasonable to conclude that atorvastatin had no major effect on aortic stiffness in CAFE-LLA. This conclusion is consistent with other published data showing no impact of cholesterol on the local mechanical properties of the aorta and carotid and radial arteries. 13, 14 The design of ASCOT without a treatment washout period before randomization meant that we were unable to obtain baseline central pressure measurements in the absence of antihypertensive therapy. Therefore, we are, by design, unable to report central pressure changes from baseline. However, in a large randomized study, it is unlikely that central pressures differed between groups at baseline. This finding, together with our finding that central pressures did not differ between treatments at any time point beyond baseline ( Figure  3) , supports our conclusions.
So, how do we reconcile the reported differences in the relationship between plasma cholesterol and large-artery function and hemodynamics in the context of the present study? First, some studies report univariate relationships between cholesterol values and indices of aortic stiffness that are inevitably confounded by the impacts of age, BP, and heart rate. Second, it is conceivable that the relatively low dose of statin (atorvastatin 10 mg once daily) used in CAFE-LLA was too low to reveal potentially beneficial effects on central aortic pressures. Although this remains possible, it is unlikely to be an important explanation for the beneficial effects of statins on clinical outcomes because this dose of atorvastatin was sufficient to reduce coronary and stroke events significantly in ASCOT-LLA. 6 Third, the patients in CAFE-LLA had a mean age of 63 years at study entry. It is possible that older patients may have too much established vascular damage to reveal an impact of statin therapy on central aortic function/pressures and that such effects might be apparent in younger people in whom the potential is greater to improve endothelial and arterial function. Fourth, CAFE-LLA recruited patients on the basis of cardiovascular risk rather than elevated cholesterol levels, which were only modestly elevated. It is possible that a more obvious effect of statins on central aortic pressures might be observed in patients with a higher baseline cholesterol values and a greater reduction in cholesterol with treatment, eg, in younger patients with familial hypercholesterolemia. Finally, it is inevitable that data demonstrating a beneficial effect of statin therapy on endothelial function, arterial stiffness, and central pressures are more likely to be published. In this regard, whatever the explanation for the inconsistency in previous findings, it should be recognized that CAFE-LLA is by far the largest study to evaluate the impact of statin therapy on central aortic pressures and hemodynamics. The study was conducted with the rigor of clinical trial conditions and had ample statistical power to address the hypothesis: CAFE-LLA has produced an unequivocal result. Moreover, the findings of the main study were reproduced in the analysis of the extended observational follow-up of patients who previously received placebo therapy and subsequently received atorvastatin.
Conclusions
Although atorvastatin 10 mg/d significantly reduced major cardiovascular events compared with placebo in ASCOT-LLA, 6 CAFE-LLA demonstrated no important effects of atorvastatin on central aortic pressures or hemodynamic indices. Therefore, the benefits of statins in reducing cardiovascular events are most likely a direct consequence of lipid-lowering and/or pleiotropic effects rather than any important action on central aortic hemodynamics.
